Expression of human T-cell leukemia virus type 1 (HTLV-1
The human T-cell lymphotrophic virus type 1 (HTLV-1) is a human retrovirus that causes adult T-cell leukemia and the degenerative neuromuscular disease tropical spastic paraparesis or HTLV-1-associated myelopathy. The HTLV-1 proviral DNA encodes a 40-kDa protein, Tax, which is critical in HTLV-1 virus transformation. Tax not only regulates HTLV-1 gene expression, but also influences cellular gene expression (4, 5, 13, 29, 38, 39, 42, 43, 45, 53, 55) . Tax potently activates HTLV-1 expression through three copies of a 21-bp Tax response element (TRE) found in the long terminal repeat (LTR). Because the viral genome is integrated into the host chromosome, understanding how the viral LTR is regulated in a chromatin-associated context is important for elucidating the life cycle of the provirus. The pattern of HTLV-1-associated disease progression suggests that while viral infection might be the initiating trigger, intracellular mechanisms may repress HLTV-1 LTR expression over an extended duration. Tax has been shown to interact with cellular factors such as CREB, transcriptional coactivators, and histone acetyltransferases p300, CBP, and PCAF (2, 16, 21, 22, 24, 27) . Further, it has been shown that p300 can activate Tax-mediated HTLV-1 chromatin transcription through targeted acetylation of nucleosomal histones (18, 33) . Recent studies suggest that histone deacetylases (HDACs) (19, 52) , which play an important role in the repression of other genes, may be involved in this negative regulation (15, 30) .
The deacetylase superfamily can be divided into three distinct classes based on structure (19) . The HDACs comprise the first two classes and consist of class I (HDACs 1, 2, 3, 8, and 11) and class II (HDACs 4, 5, 6, 7, 9, and 10) enzymes. The class II enzymes are distinguished by a large NH 2 -terminal domain or a second catalytic site (e.g., HDAC 6) . The class III enzymes, SIRTs (sirtuins) or Sir2-related proteins, deacetylate histones in yeast, while in mammalian cells they appear to involve deacetylation of other proteins or transcription factors, such as p53, rather than histones. In general, inhibition of HDAC activity by agents such as trichostatin A (TSA) or sodium butyrate leads to increased histone acetylation, correlating with increased mRNA expression (10, 52, 54) . It is important to note that HDACs are found as components of multiprotein complexes containing DNA-histone binding proteins (e.g., NCoR, SMRT, MEF, MeCP2, and mSin3A) that use HDACs to repress transcription and block the function of cellular proteins such as MyoD, nuclear receptors, p53, NF-B, and E2F (1, 9, 25, 26, 35, 56) .
Conversely, histone acetylation has been correlated with transcriptionally active genes. The specific recruitment of a transcription factor complex with histone acetyltransferase activity to a promoter may play a critical role in overcoming the repressive effects of chromatin structure on transcription (8, 18, 33, 48) . Transcriptional regulation, therefore, is a dynamic interplay between histone acetyltransferase and HDAC activity.
Although it has been shown that p300/CBP activates the HTLV-1 chromatin template through acetylation of nucleosomal histones, little is known about how HDACs regulate the transcriptional trans-acting function of Tax. Evidence from a recent study by Lemasson et al. suggests that HDACs are associated with the HTLV-1 LTR in vivo (30) . It is important to note that these studies analyzed a heterogeneous population of active and inactive HTLV-1 LTR promoters. Thus, it is not clear whether the HDACs associated with the active or inactive templates. In a separate study, Ego et al. found that overexpression of HDAC1 could suppress activation from transiently transfected HTLV-1 LTR reporter constructs (15) . There is, however, debate about the biological significance of such studies on transient templates. For example, it has been shown that the HDAC inhibitor TSA induces expression from the chromosomal CRE promoter but not from a transient template (37) .
In this study, we have analyzed the role of HDACs on HTLV-1 gene expression from an integrated template. First, we show that TSA enhances Tax expression in HTLV-1-transformed cells. Second, using a cell line containing a single-copy HTLV-1 LTR, we demonstrate that overexpression of HDAC1 represses Tax transactivation. Finally, using an in vivo chromatin immunoprecipitation (ChIP) assay, we have analyzed the interaction of transcription factors, coactivators, and HDACs with the basal and activated HTLV-1 promoter. Our results provide the first experimental evidence that Tax negatively regulates the interaction of HDAC with the HTLV-1 promoter.
MATERIALS AND METHODS
Cell lines and TSA treatment. HTLV-1-transformed C81 cells were maintained at 2 ϫ 10 5 to 2 ϫ 10 6 cells/ml in RPMI medium supplemented with 10% fetal bovine serum, 2 mM glutamine, and penicillin-streptomycin. pA-18G-BHK-21 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 2 mM glutamine, penicillin-streptomycin, and 400 ng of G418/ml. C81 cells were treated with TSA (Sigma) at a concentration of 200 ng/ml for 0, 2, 4, 6, 8, or 24 h. After treatment, the cells were harvested and total RNA was extracted using RNAwiz (Ambion). mRNA levels of Tax were analyzed by reverse transcription-PCR (RT-PCR). The PCR primers (43) for Tax were as follows: 5Ј-TGTTTGGAGACTGTGTACAAGGCG-3Ј and 5Ј-CAGGCTGTCAGCGTGACGG-3Ј. In addition, after 24 h of TSA treatment whole-cell extracts were prepared by lysis in buffer (50 mM Tris ⅐ HCl [pH 8.0], 150 mM NaCl, 10% glycerol, 0.5% Triton X-100) containing 1 mM AEBSF, 1 g of aprotinin/ml, 1 g of pepstatin/ml, and 1 g of leupeptin/ml. Lysates were incubated at 4°C for 30 min and then centrifuged at 10,000 ϫg for 15 min to obtain supernatants.
Transfection and ␤-Gal assay. Tax expression vector pcTax and HDAC1 expression plasmids were described previously (23, 24) . All plasmids were purified by using a CsCl gradient or QIAGEN kit. pA-18G-BHK-21 cells were seeded in six-well dishes, and the indicated amounts of plasmid were transfected into pA-18G-BHK-21 cells using Fugene 6 (Roche Applied Science) according to the manufacturer's instructions. Cells were harvested after 48 h, and ␤-galactosidase (␤-Gal) assays were performed using Galacto-light (Tropix) according to the manufacturer's instructions.
Immunofluorescence. For immunostaining, pA-18G-BHK-21 Tax Ϫ and pA-18G-BHK-21 Tax ϩ cells were cultured on coverslips, fixed in 4% paraformaldehyde, and permeabilized in cold methanol. The permeabilized cells then were incubated with 10% goat serum for 1 h, followed by immunostaining with an anti-Tax monoclonal antibody and an Alexa Fluor 488-conjugated anti-mouse immunoglobulin G (IgG) antibody. The cells then were mounted with medium containing 4Ј,6Ј-diamidino-2-phenylindole (Vectashield; Vector Labs) and were visualized by use of a Leica confocal microscope.
GST pull-down assay. The glutathione S-transferase (GST)-HDAC1 expression plasmid (56) was provided by S. Ghosh's lab. The GST-Tax construct was described previously (24) . The GST pull-down assay was performed by incubating 200 ng of GST or 600 ng of GST-HDAC1 with 15 l of swollen glutathioneagarose (Sigma) in 400 l of 0.5ϫ Superdex buffer (12.5 mM HEPES [pH 7.9], 6.25 mM MgCl 2 , 75 mM KCl, 5 M ZnSO 4 , 0.5 mM EDTA, 10% glycerol, 0.05% NP-40) at 4°C for 2 h. The beads were then washed twice with 0.5ϫ Superdex buffer and incubated with 100 ng of Tax (in a total volume of 400 l of 0.5ϫ Superdex buffer) at 4°C for 4 h. After being washed twice with 0.5ϫ Superdex, the beads were resuspended in sodium dodecyl sulfate (SDS) dye, boiled, and analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE; 4 to 20% polyacrylamide). Bound protein was detected by Western blot analysis with an antibody against Tax (Tab172).
In vitro and in vivo coimmunoprecipitations. For the in vitro coimmunoprecipitation, 100 ng of Tax was incubated with 100 ng of Flag-HDAC1 protein in buffer A (50 mM Tris-HCl [pH 7.6], 50 mM NaCl, 0.5 mM EDTA, 1 mM dithiothreitol [DTT], 5 mM MgCl 2 , 0.2% Triton, 5% glycerol, 2.5 mg of bovine serum albumin [BSA]/ml) for 1 h at 4°C. One microliter of anti-Flag M2 monoclonal antibody preincubated with or without Flag peptide was added and incubated for 2 h. Complexes were bound to 25 l of protein A-protein G-agarose beads (Calbiochem) by rocking for 2 h. The beads were then washed three times with buffer B (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5% glycerol) and boiled in SDS loading buffer. SDS-PAGE and Western blotting were performed to analyze the proteins. For in vivo coimmunoprecipitation, HTLV-1-transformed T-cell C81 nuclear extracts were made in lysis buffer (20 mM HEPES [pH 7.3], 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride). Aliquots of 250 g of nuclear extract were incubated with 20 l of antibody-bound protein A-G beads (beads were prebound with 1 g each of anti-HDAC1 polyclonal or rabbit control IgG antibody) in IP buffer (25 mM HEPES [pH 7.3], 2 mM EDTA, 150 mM NaCl, 0.2% NP-40, 1 mM DTT, 1 mM AEBSF, 10 g of leupeptin/ml, 2 g of aprotinin/ml, and 10 g of pepstatin A/ml) at 4°C overnight. Beads were washed with IP buffer four times and eluted in SDS-PAGE loading buffer.
Chromatin pull-down assay. Oligonucleosomes were prepared from HeLa cells as before (7, 50) and used as competitor in the following protein-chromatin binding reaction. HeLa cell nuclear extract was incubated with 100 g of chromatin template in the presence of 0, 100, or 200 ng of Tax protein in binding buffer (50 mM Tris [pH 7.6], 50 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 5 mM MgCl 2 , 0.1% Triton, 5% glycerol, 2.5 mg of BSA per ml, 10 g of poly(dI-dC) per ml, and 1 mg of oligonucleosome), and the reaction was continued for 30 min at 30°C. The beads were then washed four times with binding buffer without BSA or poly(dI-dC). Proteins were eluted by SDS loading buffer and loaded onto a 4-to-20% Tris-glycine gel (Invitrogen). Immunoblotting was performed using anti-HDAC1 antibody (Santa Cruz Biotechnology) and anti-Tax (Tab172) antibody.
Retroviral transduction. Retroviral transductions were performed as described by Rivera-Walsh et al. (46) . Briefly, 293 cells were seeded in a six-well dish. The next day, cells were transfected using Fugene 6 reagent (Roche Molecular Biochemicals) with 1 g of the packaging plasmid pCL-Ampho, 1 g of pCL-Tax or pCL-GFP, and 0.15 g of pVSV-G. Viral supernatants were collected 48 h after transfection and filtered through a 0.45-m-pore-size polysulfone filter, and titers were determined. pA-18G-BHK-21 cells were infected by adding 2 ml of viral supernatant per well of a six-well dish and adding 8 g of Polybrene/ml. Cells were plated such that the multiplicity of infection was 1. Cells were stained with an in situ ␤-Gal staining kit (Stratagene) according to the manufacturer's instructions.
ChIP assay. The ChIP assay was carried out using acetylated histone H3 or H4 antibody (Upstate Biotechnology), anti-CREB (Upstate Biotech), anti-HDAC1 (Affinity Bioreagent), anti-Tax (Tab 172), anti-RNA polymerase II (anti-RNAP II; Babco), and anti-CBP (Santa Cruz) antibodies following the methods previously described (33) . After cross-linking proteins to DNA in pA-18G-BHK-21 cells (either Tax Ϫ or Tax ϩ ), chromatin was sonicated four times for 10 s each, generating DNA fragments with 200 to 800 bp. Then, the nucleosomes were precleared with salmon sperm DNA-protein A agarose beads. The supernatants were diluted 10-fold with ChIP dilution buffer, and the different antibodies indicated above were added. After overnight rotation at 4°C, the immune complexes were collected by addition of protein A-agarose beads. DNA was purified by proteinase K digestion, phenol extraction, and ethanol precipitation and amplified by PCR using primers specific for the HTLV-1 LTR (5Ј-CCACAGG CGGGAGGCGGCAGAA-3Ј and 5Ј-TCATAAGCTCAGACCTCCGGGAAG-3Ј) and primers specific for the ␤-globin promoter (5Ј-AGGCTGCTGGTTGT CTACCCTTG-3Ј and 5Ј-AGCTCACTGAGGCTGGCAAAGGTG-3Ј). The PCR products were analyzed by electrophoresis using 2% agarose gel and visualized with ethidium bromide staining.
RESULTS
The HDAC inhibitor TSA enhances Tax protein levels in HTLV-1-transformed T cells. It has been estimated that approximately 2% of all genes are transcriptionally regulated through acetylation and deacetylation of nucleosomal histones (51) . Previously, we and others have shown that p300 acetylation of histones facilitates HTLV-1 transcription on reconstituted chromatin templates (17, 18, 33) . In the present studies, we have investigated the role of HDACs in HTLV-1 transcription. We first analyzed whether TSA, an HDAC inhibitor, could increase viral mRNA synthesis from an integrated viral promoter. HTLV-1-transformed C81 T cells were treated with TSA for up to 24 h. RNA was then purified and analyzed by RT-PCR. As shown in Fig. 1 , treatment of cells with TSA increased the level of Tax mRNA by 4 h (Fig. 1A, lane 6 , top panel). The mRNA level continued to increase and reached a maximum at 8 h. The effect was specific for Tax mRNA, since cellular glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels remained constant in the control and TSA-treated cells (Fig. 1A, bottom panel) . Tax protein levels were also examined by Western blot analysis. Consistent with the RNA results, cells treated with TSA expressed higher levels of Tax protein than untreated cells (Fig. 1B) . In contrast, GAPDH protein levels remained approximately the same after TSA treatment. Our transcription analysis is consistent with, and extends, a previous report that HDAC inhibitors sodium butyrate and TSA can increase nucleosomal histone acetylation levels within the HTLV-1 promoter (30) .
HDAC1 represses Tax transactivation of the HTLV-1 LTR. Next, we directly examined whether HDAC1 could suppress Tax transactivation of the HTLV-1 LTR. We chose HDAC1 because it is known to associate with corepressor complexes that regulate the expression of a number of genes, including retinoic acid receptor, thyroid hormone receptor, and estrogen receptor-responsive promoters (31, 32, 34, 49) . The specific effect of HDAC1 on an integrated HTLV-1 promoter has not been established. We utilized the pA-18G-BHK-21 cell line, which contains a single-copy integrated HTLV LTR driving the lacZ gene, to investigate the effect of HDAC1 on Tax transactivation. Transfection of the HDAC1 expression plasmid into pA-18G-BHK-21 cells did not affect basal levels of HTLV-1 transcription (Fig. 2A, lanes 1 and 3) . In contrast, HDAC1 reduced Tax transactivation up to 60% (Fig. 2A, 
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Tax PROMOTES HDAC1 RELEASE FROM HTLV-1 LTR2 and 4 to 6). To exclude the possibility that transcriptional repression by HDAC1 is due to alteration in Tax protein, we examined the Tax protein levels from the pA-18G-BHK-21 cells cotransfected with Tax and HDAC1 plasmids. Transfected cells were lysed, and Tax protein levels were determined by Western blot analysis. The cotransfection of HDAC1 did not alter Tax protein levels in pA-18G-BHK-21 cells (Fig. 2B) .
HDAC1 directly interacts with Tax in vivo and in vitro.
To determine whether purified Tax protein interacts directly with HDAC1, we first utilized coimmunoprecipitation experiments with purified proteins. We purified Tax protein from bacteria and Flag-tagged HDAC1 protein (23) from baculovirus-infected Sf9 cells. Following incubation of HDAC1 and Tax, the proteins were immunoprecipitated with anti-Flag antibodyconjugated agarose beads. Bound proteins were eluted and separated by SDS-PAGE, and the Tax protein level was determined by Western blot analysis using an anti-Tax antibody (Fig. 3A, left panel) . The results of this experiment demonstrated that Tax coimmunoprecipitated with anti-Flag-HDAC1 (Fig. 3A, lane 2, left panel) . Tax was not detectable by Western blotting when a blocking peptide was added to inhibit the interaction between the anti-Flag antibody and the Flag-HDAC1 protein (Fig. 3A, lane 1, left panel) . The direct Tax-HDAC1 interaction was also demonstrated in a GST-HDAC pull-down assay in which bacterial GST-HDAC1, but not GST, interacted with purified Tax protein (Fig. 3A, right panel) . Finally, in a GST pull-down assay GST-Tax, but not the control GST protein, was shown to interact with HDAC1 from HeLa cell extract (Fig. 3B) , consistent with the report by Ego et al. (15) .
To demonstrate that Tax interacts with HDAC1 in vivo, HTLV-1-transformed C81 T cells that constitutively express Tax and HDAC1 were utilized. Nuclear extracts were prepared, and proteins were immunoprecipitated with either anti-HDAC1 or control IgG. The immunoprecipitates were washed three times with buffer containing 0.2% NP-40 and eluted in SDS-PAGE loading buffer. The results of the Western blot analysis demonstrated that Tax specifically coimmunoprecipitates with endogenous HDAC1 from HTLV-1-transformed cells (Fig. 3C) . No Tax was detected in immunoprecipitates with the control IgG.
HDAC1 is associated with inactive HTLV-1 LTR chromatin in vivo.
The interaction between Tax and HDAC1 brings up an interesting question. Does the association with Tax recruit HDAC1 to the LTR, or does Tax inhibit the binding of HDAC1 to chromatin by squelching? A recent study reported that HDAC1 is present on the HTLV-1 LTR in HTLV-1-transformed cells and suggested that Tax recruits HDAC1 to the promoter (30) . Given the fact that the HTLV-1-transformed cells used in the studies have multiple copies of the integrated LTR, however, it was not clear whether HDAC1 was associated with active or inactive chromatin templates.
To address this question, we utilized control and Tax-expressing pA-18G-BHK-21 cell lines, which contain a single copy of the HTLV-1 LTR, and compared the association of HDAC1 with the activated and nonactivated LTR in a ChIP assay. To generate the Tax-expressing cell line, pA-18G-BHK-21 cells were infected with Tax-expressing retrovirus, and stable clones that constitutively express Tax protein were obtained. The expression of Tax protein in these cells was examined by immunostaining with an anti-Tax monoclonal antibody (Tab172) (Fig. 4A) . Tax was excluded from the nucleolus and localized to discrete nuclear sites, the Tax speckled structures, as reported previously (20, 40, 47) . The control (Tax-negative) cells were all negative for the immunostaining (Fig. 4B) .
The activation of the HTLV-1 LTR was then further confirmed by ␤-Gal staining. In situ ␤-Gal staining showed that 100% of cells were positive, indicating the activation of the single-copy HTLV-1 LTR in Tax-expressing cells (Fig. 5A,  right panel) . We then performed ChIP assays utilizing Taxnegative or Tax-positive cells. Equivalent amounts of crosslinked chromatin were immunoprecipitated, and the precipitated DNA was then subjected to PCR amplification. Figure  4B shows that Tax binds to the integrated LTR (lane 6). The specificity of this assay is shown by the failure to detect the promoter when Tax-negative cells were used in the analysis (lane 5). In addition, Tax was not found associated with the control ␤-globin promoter (Fig. 4B, lane 6, bottom panel) . We also examined the association of CREB, CBP, and RNAP II with the LTR. RNAP II and CBP were not observed on the nonactivated LTR (Fig. 4B , lanes 7 and 9) but were associated with the LTR from Tax-positive cells (Fig. 5B, lanes 8 and 10) . A low but detectable level of CREB protein could be found on the inactive promoter (lane 11). Its binding was enhanced in the presence of Tax (lane 12). CBP, RNAP II, and CREB had minimal association with the ␤-globin promoter from both Tax Ϫ and Tax ϩ cells (Fig. 5B, bottom panel) . In addition, we examined histone acetylation. Low but reproducible levels of acetylated H3 and H4 were detected on the nonactivated LTR (Fig. 5C, lanes 5 and 7) . In the presence of Tax, the levels of acetylated histone H3 and H4 on the LTR were enhanced (Fig. 5C, lanes 6 and 8) , consistent with the association of CBP with the LTR (Fig. 5B, lane 10) . The level of acetylated histone H3 and H4 associated with the ␤-globin promoter remained unchanged in Tax-negative and Tax-positive cells.
HDAC can be associated with the promoter either through targeted recruitment or constitutive binding. Interestingly, we found that while HDAC1 associates with nonactivated HTLV-1 LTR, the association was dramatically decreased on the Tax-transactivated LTR (Fig. 5D, lanes 3 and 6, top panel) . In contrast, no Tax-regulated change in HDAC1 binding was observed on the ␤-globin promoter.
Tax competes with HDAC1 binding to the LTR. Our studies indicate that Tax interacts with HDAC1 but that the interaction does not contribute to the recruitment of HDAC1 on the HTLV-1 promoter in vivo. In fact, our results suggest that the interaction between Tax and HDAC1 may inhibit HDAC1 binding to the LTR. To test this hypothesis, an in vitro chromatin pull-down assay was utilized. Two templates, the control Ϫ52 and the Tax-responsive 4xTRE (Fig. 6A) , were reconstituted with Drosophila melanogaster embryo extract as described previously (33) . Purified chromatin templates were incubated with nuclear extract in the presence or absence of purified Tax protein. As shown in Fig. 6B, HDAC1 associated with the 4xTRE chromatin template, but not the Ϫ52 chromatin template (Fig. 5B, lanes 1 and 4) . The addition of increasing amounts of Tax to the reaction mixture reduced HDAC1 binding to the 4xTRE chromatin template (Fig. 5B, lanes 2 and 3,  top panel) . The decline in HDAC1 binding was accompanied by an increasing level of Tax bound to the template (Fig. 6B,  lanes 2 and 3, bottom panel) .
We also carried out experiments to determine if Tax could dissociate HDAC1 from the chromatin template. Consistent with the results presented above, HDAC1 bound to the 4xTRE template in the absence of Tax (Fig. 6C, lane 1, top panel) . When Tax was added to the incubation mixture, inhibition of HDAC1 binding was observed (Fig. 6C, lane 2, top panel) . Interestingly, when Tax was added to chromatin complexes containing bound HDAC1, Tax dissociated HDAC1 from the complex (Fig. 6C, lane 3, top panel) . Together, these results provide direct evidence that Tax inhibits the interaction of HDAC1 with the HTLV-1 promoter.
DISCUSSION
We have demonstrated that HDACs play an important role in the regulation of HTLV-1 transcription. Inhibition of HDAC activity by TSA results in an increase in Tax transactivation in HTLV-1-transformed cells. Using ChIP assays, we have demonstrated that HDAC1 is associated with the inactive basal promoter but not the transcriptionally active template FIG. 4 . Tax localizes in discrete nuclear foci. Tax-expressing pA-18G-BHK-21 cells were generated through retroviral transduction. Taxexpressing cells (A) and control cells (B) were subjected to a direct immunofluorescence assay using an anti-Tax antibody. Each panel in a series is of the same field of view. DIC, differential interference contrast.
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on July 9, 2017 by guest http://jvi.asm.org/ (Fig. 5D) . Ego et al. (15) recently proposed that HDAC1 may be directly recruited to the HTLV-1 promoter by Tax. Further studies by Lemasson et al. (30) suggested that TSA inhibition of HDAC function on the template DNA resulted in increased histone H4 acetylation. The conclusions of these studies were complicated by the presence of active and inactive transcription templates present in the cells. It has been estimated that SLB-1, an HTLV-1-transformed T-cell line, has five copies of the HTLV-1 LTR, while MT-2, another HTLV-1 T-cell line, has two copies of the HTLV-1 LTR (30) . At least one copy of the HTLV-1 LTR is inactive in these cell lines (30) . Thus, it is difficult to distinguish between activated and nonactivated LTRs in HTLV-1-transformed cells in terms of coactivator and corepressor loading. Our analyses of inactive and active singlecopy templates clarify these earlier studies by demonstrating that HDAC1 association with the promoter is not facilitated by Tax. In fact, our studies suggest that the ability of Tax to interact directly with HDAC1 inhibits the binding of HDAC1 to the promoter in the presence of Tax. It is interesting that a similar pattern in which HDAC1 is associated with inactive templates, but not activated templates, has been reported for some p53-and CREB-responsive genes (28) . Because our data indicate that HDAC1 associates with the nonactivated LTR, a question arises as to how HDAC1 is 1 and 3) , as indicated. PCR products from the LTR template and ␤-globin promoter were separated on 2% agarose gel and visualized by ethidium bromide staining.
recruited. In general, HDACs associate with chromatin templates in two different manners (31) . First, HDACs may bind to the promoter DNA in a nontargeted manner as components of the histone-binding Sin32 and NuRD complexes, which repress global chromatin transcription. Second, HDACs can be recruited to the promoter in a targeted manner by transcriptional factors, corepressor, DNA methylases, and methyl-CpG binding proteins (10, 41) . Based on the chromatin pull-down assay (Fig. 6) , in which HDAC1 associated with the 4xTRE chromatin but not the Ϫ52 control promoter chromatin, it is likely that HDAC1 associates with the HTLV-1 LTR through targeted recruitment. A recent study by Canettieri et al. indicated that CREB recruits HDAC1 to the CRE promoter and phosphorylation of CREB could dissociate HDAC1 from that promoter (6) . ChIP assays demonstrated that a low level of CREB associated with the nonactivated LTR (Fig. 5B) , leaving open the possibility that HDAC1 may be recruited to the LTR through CREB. It is also possible that other factors, such as Sp1, which has been shown to interact with HDAC1 and the LTR, may contribute to the recruitment of HDAC1 (3, 14) . We also observed the loading of CBP and RNAP II on the LTR in the presence of Tax, consistent with the observation of Tax-dependent protein loading on the HTLV-1 LTR as assayed by genomic footprinting (11, 12) . Based on our finding of HDAC1 association with the LTR and literature regarding the interaction between CREB, Tax, and HDAC1, we propose a working model of HTLV-1 transcriptional regulation (Fig. 7) . On the nonactivated LTR, HDAC1 is recruited to the promoter, probably through its interaction with cellular proteins such as CREB or Sp1 bound to the LTR. In the presence of Tax, HDAC1 is released from the LTR, presumably through its interaction with Tax. Tax increases CREB association on the LTR, and the Tax/CREB/DNA complex recruits p300/CBP and RNAP II to the LTR to initiate transcription.
Our data provide insight into the dynamic interaction between Tax and HDAC1 in Tax transactivation. Interaction of HDAC1 with a number of other transcription factors, includ- FIG. 6 . Tax competes with HDAC1 binding to the LTR. Biotinylated LTR chromatin templates were incubated with purified Tax protein and HeLa cell nuclear extract as described in Materials and Methods. After incubation and washing, proteins were eluted from beads and analyzed by SDS-PAGE and Western blotting using antibody against HDAC1. (A) Schematics of the 4xTRE and Ϫ52 chromatin templates. (B) Tax inhibits HDAC1 association with the 4xTRE chromatin template. Different levels of Tax protein were incubated with either 4xTRE chromatin or a control Ϫ52 chromatin. (C) Tax promotes HDAC1 dissociation from the 4xTRE chromatin template. The asterisk indicates that Tax protein was added after incubation of HeLa extract with chromatin template.
FIG. 7.
Model of HTLV-1 LTR activation by Tax. Tax relieves transcriptional repression. On the nonactivated LTR, HDAC1 is associated with the template, probably through its interaction with cellular proteins bound to the LTR. In the presence of Tax, HDAC1 is released from the LTR through its interaction with Tax. Tax increases CREB association on the LTR, and the Tax/CREB/DNA complex recruits p300/CBP and RNAP II to activate transcription.
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on July 9, 2017 by guest http://jvi.asm.org/ ing NF-B, MyoD, p65, and p53, leads to transcriptional repression (1, 26, 36, 44, 56) . For example, interaction between HDAC1 and p65 has been suggested to turn off transcription by recruitment of the deacetylase to the promoter (1). Our data suggest that the interaction between Tax and HDAC1 does not repress transcription but is part of the transcriptional activation pathway, since Tax can decrease HDAC1 binding to the template DNA by inhibiting the binding and/or by dissociating bound HDAC1. Future studies will be directed toward understanding the interplay between activator and repressor complexes that regulate the HTLV-1 LTR transcription.
